ROTAVIRUS IS THE MAJOR ETIOLOGIC agent of severe diarrhea in infants and young children. The pathophysiology of gastroenteritis remains incompletely understood. Rotaviruses replicate in the differentiated columnar epithelial cells of the intestinal villi, and infection is associated with blunting of the villi and infiltration of the lamina propria by mononuclear cells (19) . The magnitude of the pathological changes appears to be variable, and it is uncertain whether a direct link exists between tissue damage and diarrhea. For example, simian rotavirus infection of mice produces diarrhea, although pathological changes are limited to moderate swelling and vacuolation of epithelial cells (32) .
Recent studies indicate that dysregulation of the paracellular pathway may be important in the pathogenesis of diarrheal disease. Vibrio cholera-derived zonula occludens toxin can promote diarrhea by impairing the integrity of epithelial tight junctions (11) . Salmonella, Escherichia coli, and Bacteroides fragilis specifically alter tight junction permeability, perhaps by engagement of the actin cytoskeleton (4, 6, 12, 31, 40) . Recent Ussing chamber studies of HIV-infected human intestine from subjects with diarrhea demonstrated reduced transepithelial resistance (TER) and barrier function that could, the authors proposed, contribute to diarrhea by passive leak mechanisms (41) .
The well-documented infection of Caco-2 cells by rotavirus has become the most widely studied in vitro model of rotavirus infection of intestinal cells (17, 21, 42) . Caco-2 cells are an extensively characterized model system for intestinal epithelial permeability (14) . Cells develop polarization of distinct apical and basolateral surfaces separated by tight junctions at areas of cell-to-cell contact. Monolayers grown on collagen-coated filters develop a TER of 300-600 ⍀ ⅐ cm 2 and are relatively impermeable to molecules of molecular masses of 400-70,000 Da. Three recent reports have evaluated Caco-2 intestinal epithelial cells grown on collagen-coated filter supports as a model of rotavirus interactions with host cells (17, 18, 42) . These studies showed that rotavirus infection of Caco-2 cells caused a loss of TER in the absence of cell death, leading to speculation that infection may alter paracellular permeability.
In this series of experiments, we demonstrated that rotavirus infection of Caco-2 intestinal cells caused increased paracellular permeability that was associated with metabolic dysfunction. This demonstration of a novel cellular response to rotavirus infection has important implications for diarrhea pathogenesis in viral gastroenteritis.
MATERIALS AND METHODS
Cell lines. Caco-2 cells were obtained from the American Type Culture Collection. Cells were passed weekly and maintained in a 1:1 mixture of DMEM [nutrient mixture F-12 (DMEM-F12) supplemented with 15 mM HEPES, 2 mM glutamine, 15 mM sodium bicarbonate, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% fetal calf serum]. Cultures were maintained in a 37°C incubator with 5% CO 2 . All experiments were performed with cultures 3-5 days after confluency. Pilot experiments with monolayers aged to 21 days postconfluence demonstrated no differences in rotavirus infectivity or loss of TER. Therefore, 3-5 days after confluence was used for the experiments reported in this study.
Virus preparation and infection. Rhesus rotavirus (RRV) was cultivated in and isolated from MA104 cell cultures as previously described (45) . Virus was collected from culture medium by fluorocarbon extraction and sucrose gradient centrifugation. Virus bands were identified by hemagglutination assays, followed by dialysis against Tris-saline-2 mM CaCl 2 and concentration by ultracentrifugation. Virus titers were determined by standard hemagglutination and immunohistochemical focus assays (39) . To infect Caco-2 cultures, monolayers were washed twice in serum-free medium and then exposed to virus [multiplicity of infection (moi) ϭ 10] in serum-free DMEM-F12. RRV was activated with trypsin (2.5 g/ml for 30 min at 37°C) before use. Sham-infected monolayers treated with identical medium absent virus were used as the noninfected controls.
TER. Caco-2 cells were grown as confluent monolayers on collagen-coated cell culture inserts (6.4-mm diameter Biocoat inserts, Collaborative Research). One week after plating, the inserts were transferred from 24-well dishes into 6-well dishes, rinsed with PBS, and incubated 16 h in serum-free DMEM-F12 (0.3 ml apical and 9 ml basolateral volumes) before virus exposure. Overnight incubation ensured temperature and pH equilibration and prevented transient electrical fluctuations that occur after media changes and repetitive measurements. TER was measured with an epithelial voltohmmeter (WPI, Sarasota, FL). Values were corrected for background resistance (150 ⍀) and normalized to surface area (0.3 cm 2 ). Resistance was measured just before virus addition and at various times thereafter up to 24 h. Trypsinactivated RRV (moi ϭ 10) was added to the apical solution.
Permeability measurements. We determined the permeability of Caco-2 monolayers by measuring transepithelial passage of three probes of graded mass as previously described (38) . These probes included fluorescein sulfonic acid (FS, 478 Da; Molecular Probes) and fluorescein-isothiocyanate dextran of molecular masses of 4 kDa and 70 kDa (FD4 and FD70; Sigma). Caco-2 monolayers on collagen-coated inserts were infected as described above with RRV (moi ϭ 10) and incubated at 37°C in 5% CO 2 for 20 h. Monolayers consistently showed Ͼ70% loss of TER at this time (Fig. 1) . FS (final concentration, 200 g/ml), FD4 (25 mg/ml), or FD70 (20 mg/ml) was added to the basolateral chamber, and the cultures were placed on a rotary shaker in a 5% CO 2 incubator at 37°C to ensure adequate mixing. Samples (4 l) of the apical and basolateral chambers were diluted in 1 ml of water and analyzed for fluorescence using a Perkin Elmer LS-5 fluorescence spectrophotometer at an excitation wavelength of 492 nm and an emission wavelength of 515 nm. The permeability of the monolayers was expressed as clearance, calculated as the basolateral-to-apical flux of the probe divided by the concentration of the probe in the basal compartment, as previously described (29) . The clearance measurements were reported for a 2-h period beginning 1 h after probe addition, or 21-23 h postinfection (hpi). Clearance between 23 and 24 hpi was also measured to document linearity throughout the experimental period. The permeability of noninfected monolayers was minimal and consistent. However, matched uninfected controls were included with each experiment.
Microscopy. The tight junction proteins claudin-1, occludin, and zonula occludens-1 (ZO-1) were similarly detected in rotavirus-(and sham-) infected Caco-2 monolayers. At the indicated times after infection, cells were fixed with methanol (Ϫ80°C) and incubated for 1 h with a 1:100 dilution of rabbit anti-claudin-1, anti-occludin, or anti-ZO-1 antibodies (Zymed), followed by anti-rabbit monoclonal antibody conjugated to fluorescein at 1:100 dilution for 1 h (Sigma). Results were analyzed with epifluorescent or laser scanning confocal microscopy. Digital images were processed identically with Metamorph software.
Cell viability. Cell viability was assessed with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay for mitochondrial dehydrogenase activity (Sigma). Cultures were treated with 0.5 mg/ml MTT for 3 h, and the reaction was stopped by addition of an equal volume of acidic isopropanol. Samples were briefly sonicated to ensure dissolution of the colored product, and absorbance was read on a spectrophotometer at 570 with background correction at 690 .
Oxygen consumption. Mitochondrial respiration was assessed with oxygen consumption (QO 2 ) measurements using cells after various times of infection with RRV. Medium was aspirated from 60-mm dish cultures, and the cells were gently scraped with a rubber policeman into 2.5 ml of fresh serum-free DMEM-F12. Cell suspensions were gassed with 95% air-5% CO 2 and incubated in a rotary water bath at 37°C for 7 min. Suspensions were transferred into a sealed 37°C chamber equipped with a Clarke-type oxygen electrode. Oxygen tension was monitored with a Yellow Springs oxymeter and recorded as a function of time with a Zip-Konnen chart recorder. After a stable basal rate of QO 2 was achieved, ATP utilization by the Na ϩ -K ϩ -ATPase was assessed by measur- ing QO 2 after addition of ouabain (final concentration 1 mM) to the chamber. Basal QO 2 was calculated as the sum of ouabain-sensitive and -insensitive QO 2 . QO 2 rates were normalized to cell protein as previously described (9) . Protein was measured with the Bradford assay using BSA as a standard.
Lactate and ATP measurements. Caco-2 cells were grown in 35-mm dishes for lactate and ATP measurements. Medium lactate concentration was measured by spectrophotometric assay (Sigma). Cellular ATP content was assayed by the luciferin/luciferase method on a Turner Designs 20/20 luminometer using reagents available from Turner. ATP was extracted from the cultures by incubation in lysis buffer (1 ml/35 mm dish) for 20 min. Extracts (5-10 l) were added to 900 l of reaction buffer, and light emission was measured for 15 s after a preset 3-s delay. ATP content was normalized to cellular protein as described above.
Statistics. Data are presented as means Ϯ SE. Statistical significance was determined by unpaired t-test. Comparisons with a P value Ͻ0.05 were considered statistically significant.
RESULTS

TER.
TER of untreated Caco-2 monolayers averaged 325 Ϯ 22 ⍀ ⅐ cm 2 and remained constant for 24 h (Fig.  1 ). In monolayers exposed to RRV, a slight but significant drop in resistance was first observed at 8 hpi. Resistance continued to decline over time and reached 22 Ϯ 3 ⍀ ⅐ cm 2 by 24 h. The rate of decline was linear (r 2 ϭ 0.99) between 8 and 20 h and averaged 14
We also tested whether virus binding and penetration was required for this response by pretreating RRV with EDTA to release the outer protein capsid. Viral particles lacking an outer capsid do not bind or penetrate cell membranes and had no effect on TER after 24 h exposure (350 Ϯ 23 vs. 307 Ϯ 12 ⍀ ⅐ cm 2 , control vs. single-shell RRV; n ϭ 3; not significant).
Myosin light-chain phosphorylation is an important mechanism by which some intestinal pathogens regulate tight junctions (36, 40, 53) . Therefore, we repeated the experiments above in the presence of the myosin light-chain kinase inhibitor ML-9 (Calbiochem, La Jolla, CA). ML-9 (30 M) was applied 1 h before RRV infection. ML-9 did not alter TER in control monolayers, nor did it prevent time of onset or rate of loss of TER during RRV infection (data not shown).
Cell viability. Because cell death or loss from the monolayer may lead to loss of TER, we examined cell viability after RRV infection. Monolayers remained intact at 24 hpi as observed by phase contrast microscopy (see Fig. 2 ). At 24 hpi, the MTT viability assay revealed no significant difference between control and infected monolayers (Fig. 3A) , and the protein content per culture dish (Fig. 3B) was unaffected, indicating no loss of cells. Thus cytotoxicity from viral infection was not observed during these studies.
Domes are formed by Caco-2 monolayers grown on nonporous surfaces. These structures are thought to represent areas of net fluid absorption (24) . Domes are present in untreated monolayers ( Fig. 2A) but are diminished within 24 h after rotavirus infection (Fig.  2B ). This may be expected if the tight junctions are disrupted by infection.
Permeability of Caco-2 monolayers. Because the loss of TER and domes suggested that RRV altered barrier function, we assessed the permeability of three fluorescent probes of graded molecular weights. Permeability of the Caco-2 monolayers to FS and FD4 was significantly increased during infection by RRV (Fig. 4) . To determine the average clearance for each probe, 7-9 experimental monolayers and an equal number of mock-infected control monolayers were studied. . To provide a relative measure of the RRV-induced permeability, we calculated the ratio of RRV to EDTA, which was 26.1%. Permeability to FD4 was also increased significantly, because the clearance rose from 168 Ϯ 36 to 5,733 Ϯ 2,081 nl ⅐ h Ϫ1 ⅐ cm Ϫ2 (a 34-fold increase; P ϭ 0.014). After EDTA treatment, the FD4 clearance increased to 17,741 nl ⅐ h Ϫ1 ⅐ cm Ϫ2 and the calculated RRV/EDTA ratio was 32.3%. FD70 permeability did appear to increase during RRV infection (from 55 to 399
, a sevenfold increase), but the increase was not statistically significant (P ϭ 0.1886) and the ratio of RRV to EDTA clearances was only 11%. Therefore, we concluded that the permeability induced by RRV was relatively size selective, permitting substantial flux of the 478-and 4,000-Da probes but only Fig. 2 . Phase-contrast microscopy of infected monolayers. Caco-2 monolayers were grown to confluence, washed with serum-free medium, and then infected with RRV (moi ϭ 10). A: mockinfected control monolayers incubated for 24 h. B: RRV-infected monolayers for the corresponding time. Low-power phase-contrast microscopy shows domes (arrows) in the control but not in the RRV-infected monolayer. limited flux of the 70,000-Da probe. These findings indicate that RRV-induced permeability changes apply to both charged (FS) and uncharged (FD4) compounds.
Tight junction proteins. Because increased paracellular permeability may be accompanied by alterations in the subcellular distribution of tight junction proteins, we used immunohistochemistry to detect changes in the localization of three tight junctionspecific proteins (49), claudin-1, occludin, and ZO-1, during RRV infection. As shown by epifluorescent microscopy (Fig. 5 ), significant changes in claudin-1 distribution were noted at 10 hpi, a time when TER was beginning to decline. In control cultures, claudin-1 immunostaining was present as a strong, continuous pericellular band. This pericellular staining pattern was diminished with viral infection at 10 hpi, coincident with the appearance of marked cytoplasmic foci.
Confocal microscopy was used to compare the distribution of occludin and claudin-1 in RRV-infected and sham-infected monolayers at various times after infection (Fig. 6) . The initial patterns of both proteins showed nearly exclusive localization to the pericellular regions, as expected (Fig. 6, A and D) . No changes were noted in sham-infected monolayers throughout the 18-h experimental period (data not shown). At 10 hpi there was a striking loss of pericellular claudin-1, and a marked cytoplasmic accumulation of the protein was readily visible throughout the monolayer (Fig. 5B) . By 18 hpi, nearly complete movement of the stainable claudin-1 to cytoplasmic foci was observed (Fig. 6C) . Occludin, on the other hand, remained mostly intact in the pericellular region at 10 hpi, with only a mild loss of signal detected in some regions of the monolayer (Fig. 6E) . However, at 18 hpi pericellular occludin staining was markedly diminished (Fig. 6F) .
In addition to occludin and claudin-1, we also used confocal microscopy to examine ZO-1, a protein that is believed to link these two integral membrane protein components of the tight junction to the actin cytoskeleton. ZO-1 was present as a distinct and continuous pericellular band in control cultures, as shown in Fig.  7 . Two notable changes in ZO-1 immunostaining were observed with RRV infection by 18 hpi. First, the intensity of pericellular staining was markedly diminished (Fig. 7, B and C) . Second, intercellular gaps in ZO-1 staining were frequently observed (Fig. 7B) , perhaps as a consequence of altered cell shape.
Cellular energy metabolism. The consequences of rotavirus infection on cellular energy metabolism are unknown. However, in other studies of Caco-2 cells, lactic acidosis and ATP depletion caused increased tight junction permeability (29, 52 ). Because we observed that RRV infection caused increased medium acidification over time, we tested for altered lactate production. The pH in infected monolayer supernatants averaged 6.71 Ϯ 0.04 at 24 hpi, compared with control monolayers at pH 6.94 Ϯ 0.02 (n ϭ 7; P Ͻ 0.003). As shown in Fig. 8, 16 -h exposure to RRV significantly increased medium lactate levels in Caco-2 cultures. Time course studies were conducted to determine when the increase in lactate production occurred. During the first 4 hpi, RRV had no significant effect on lactate production. Between 4 and 8 hpi, the rate slightly increased with infection (5.6 Ϯ 0.3 vs. 8.0 Ϯ 0.6 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein, control vs. RRV; P Ͻ 0.05), whereas at 8-12 hpi, the rate of lactate production was three times higher than control (4.9 Ϯ 0.3 vs. 14.4 Ϯ 0.5 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein, control vs. RRV; P Ͻ 0.05). Stimulation of glycolysis may be a compensatory response to inhibition of mitochondrial ATP production (8) . Therefore, the effect of RRV on mitochondrial respiration was examined by QO 2 measurements. Impaired mitochondrial activity in Caco-2 cells was evident at 10 hpi (Fig. 9) . Basal respiration was inhibited with RRV treatment by 51%. Ouabain-sensitive QO 2 , which represents the energy used to support Na ϩ -K ϩ -ATPase activity, was reduced by 68%. Ouabain-insensitive respiration, which represents ATP utilization by protein synthesis and other energy-consuming processes, was also inhibited with RRV infection (59% of control). Effects of RRV on respiration in Caco-2 cells were evident as early as 6 hpi (data not shown). Basal respiration was inhibited to a comparable degree at 6 and 10 hpi (3.9 Ϯ 0.6 vs. 3.8 Ϯ 0.4 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 , 6 vs. 10 h; not significant).
To determine the effect of altered lactate production and mitochondrial function on energy balance, we measured cellular ATP levels in Caco-2 cells at various times after infection (Fig. 10) . No significant changes in ATP levels were seen at 6 and 10 hpi despite the marked reduction in mitochondrial respiration observed at these times. A drop in the ATP content of infected cells to 40% of control monolayers was noted at 24 hpi.
DISCUSSION
A critical function of the small intestinal epithelium is to maintain a highly selective barrier between the lumen and the systemic circulation. Microorganisms and macromolecules must be excluded, and the flow of water and solutes must be regulated. The integrity of the epithelial barrier depends on the maintenance of the selective permeability properties of the tight junctions. Paracellular permeability is altered in response to bacterial pathogens such as Clostridium difficile, enterohemorrhagic E. coli (36) , enteropathogenic E. coli (40) , and the cholera zonula occludens toxin (11) , as well as the toxin okadaic acid that is associated with diarrheic shellfish poisoning (46) . Paracellular perme- ability contributes significantly to diarrhea in these diseases. Recently, endoscopic biopsies from HIV-infected patients suffering from diarrhea in the absence of enteric pathogens were studied in customized Ussing chambers (41) . Neither ion secretion nor impaired absorption of sodium or glucose was found, but reduced barrier function was strongly associated with diarrhea (a 40% reduction in TER compared with HIVinfected nondiarrheic controls).
Paracellular permeability changes may contribute to disease by altering intestinal secretion and absorption and by permitting penetration of the mucosa by potentially toxic or inflammatory substances. Hyperpermeability of the intestine during rotavirus infection has been documented in vivo with enteral markers such as lactulose and mannitol (15, 16, 50) . We are not aware of studies that evaluated blood-to-lumen clearance during infection, although presumably loss of tight junction integrity results in a reciprocal loss of barrier function.
In this study, we showed that rotavirus infection of Caco-2 monolayers increased transepithelial macromolecular paracellular permeability. We also showed that rotavirus infection alters the distribution of two transmembrane components of epithelial tight junctions, claudin-1 and occludin, as well as the membrane-associated cytoplasmic protein ZO-1 that serves to link occludin and the actin cytoskeleton (10). These structural alterations in the tight junctions occur contemporaneously with changes in TER and paracellular permeability.
Occludin is an integral membrane protein that is one of the major constituents of tight junction strands (structure reviewed in Ref. 49) . Claudin-1 is a distinct transmembrane protein that is a member of a new gene family including at least 15 members. Claudins and occludin copolymerize to form the backbone of tight junction strands. ZO-1 is a member of the protein family known as membrane-associated guanylate kinase homologues, which localize to the cytoplasmic side of tight junctions. ZO-1 binds to occludin at its amino terminal half and to actin filaments at the carboxy terminus, thereby forming a bridge between the tight junction strands and the actin cytoskeleton. Thus during rotavirus infection we identified abnormal distribution of the major components of both tight junction strands and cytoplasmic scaffolding.
Several studies using epithelial cell lines identified ATP depletion as a cause of paracellular hyperpermeability and redistribution of tight junction proteins (20, 26, 38, 52) . ATP depletion was previously associated with changes in the actin cytoskeleton, notably a diminution and disruption of F-actin in areas of cell-to-cell contact after chemical hypoxia was initiated in Caco-2 cells (1, 48, 52) . Recently, Brunet et al. (3) showed that RRV infection in Caco-2 cells caused F-actin reorganization beginning at 18 hpi, particularly in the microvillus regions. We have performed actin studies and obtained very similar results (data not shown). They also presented evidence that the actin reorganization is mediated by increased intracellular calcium concentra- Fig. 8 . Lactate production rate during RRV infection of Caco-2 cells. Confluent monolayers of Caco-2 cells were mock-or RRV-infected (moi ϭ 10). Culture supernatants were assayed for lactate concentration at 16 hpi. Medium lactate concentration was significantly increased with RRV infection (*P Ͻ 0.01; n ϭ 11). Fig. 9 . Mitochondrial oxygen consumption rates (QO 2 ) during RRV infection of Caco-2 cells. Confluent monolayers of Caco-2 cells were mock-or RRV-infected (moi ϭ 10), and QO 2 was measured at 10 hpi as described in MATERIALS AND METHODS. After a stable basal rate of QO 2 was achieved, ATP utilization by the Na ϩ -K ϩ -ATPase was assessed by measuring QO 2 after addition of ouabain (final concentration 1 mM) to the chamber. The sum of ouabain-sensitive and -insensitive QO 2 is equal to the basal QO 2 . RRV infection caused a significant decrease in basal, ouabain-sensitive, and ouabain-insensitive QO 2 at 10 hpi (*P Ͻ 0.05; n ϭ 3-8). tion. Reorganization of the actin cytoskeleton may alter tight junction function because actin filaments are linked to tight junction proteins. However, there is as yet no evidence that the decline in TER or tight junction reorganization is mediated by changes in the actin filaments or intracellular calcium concentration.
In addition to effects on actin, ATP depletion was reported to alter the distribution of tight junction proteins in epithelial cells (30, 47) . These changes included loss of pericellular localization and increased cytoplasmic aggregation of occludin and ZO-1 (48) , similar to the changes we observed during RRV infection. Also, separation of cellular boundaries in the ZO-1 images (Fig. 7) from infected cells is similar to the paracellular "gaps" depicted by Tsukamoto and Nigam (48) during ATP depletion in epithelial cells. There are as yet no studies to link ATP depletion to reorganization of the recently described claudin-1 protein.
Enhanced glucose entry into cells may be a common response of cells during the early stages of viral infection. Sindbis virus (13), cytomegalovirus (22) , vesicular stomatitis virus (35) , and Semliki forest virus (34, 43) have all been shown to increase hexose entry into infected cells. In the case of Semliki forest virus, it was shown that hexose entry is facilitated during viral infection via translocation of glucose transporters to the plasma membrane. It is believed that some glucose entering cells during viral infection is converted into lactate, consistent with our findings that lactate production was stimulated with RRV infection in Caco-2 cells. The increased glycolytic activity seen during RRV infection may also provide an alternative energy source when oxidative phosphorylation is compromised by the observed inhibition of mitochondrial respiratory activity.
Little is known of the effects of viral infection on mitochondrial function. Infection of glia and renal epithelial cells with feline immunodeficiency virus has been shown to decrease mitochondrial membrane potential (7), which typically indicates impaired mitochondrial function. Others have shown that mitochondria cluster within the cell in areas of viral assembly (37) , suggesting that cellular ATP may be diverted to support the energy demands of virus replication. In the case of RRV-infected Caco-2 cells, we noted that cellular QO 2 was inhibited by 50% within 6-10 h. A negative feedback response to the increased lactate production we observed is one possible explanation for this inhibition. There is normally a balance between ATP production and consumption within cells providing constant ATP content. If ATP generation from lactate production is increased via enhanced glucose entry into the cell, the mitochondria should respond by proportionately decreasing ATP production by oxidative phosphorylation. Alternatively, there may be some aspect of viral infection that directly compromises mitochondrial function. Possible candidates include interferon-␣ or -␤. These cytokines may be induced with viral infection and have been shown to reduce mitochondrial levels of cytochrome b, cytochrome oxidase, and NADH cytochrome c reductase, leading to ATP depletion (23) .
Assuming that one ATP molecule is generated per molecule of lactate produced, the average glycolytic ATP production rate increased during RRV infection by 10 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 compared with control rates at 8-12 hpi. Assuming 6 ATP molecules are produced per molecule of oxygen consumed, mitochondrial ATP production was inhibited by 24 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 compared with control at 10 hpi. Thus the increased ATP produced by glycolysis did not fully offset the reduction in ATP production by the mitochondria, which should lead to ATP depletion. However, ATP levels remained unchanged at 6 and 10 hpi despite this imbalance, suggesting a decrease in ATP utilization, although ATP depletion did occur sometime between 10 and 24 hpi, coincident with the drop in TER.
The discovery of numerous cytokine receptors on intestinal epithelial cells has promoted consideration of epithelial dysfunction in inflammatory diarrheal diseases (33, 44) . Tumor necrosis factor (TNF) in particular alters paracellular permeability of Caco-2 monolayers to sodium and chloride but not mannitol (27) . Rotavirus is known to stimulate epithelial cells to secrete cytokines (5, 39) . However, these studies in rotavirus-infected intestinal epithelial cell cultures and murine intestine did not detect induction of TNF-␣ mRNA nor TNF-␣ production. Other cytokines, such as interferon-␥ derived from activated immune cells, have been shown to alter absorption, secretion, and barrier function of intestinal epithelial monolayers (25, 28) . However, rotavirus diarrhea is unchanged in T celldeficient Rag-2 mice that have markedly decreased levels of interferon-␥ (R. Shaw, unpublished data). No evidence has yet been presented to demonstrate the role of cytokines or other immune activities in the generation of diarrhea during rotavirus infection, and cytokines of nonepithelial origin obviously are not involved in studies of pure Caco-2 cells.
The viral nonstructural protein NSP4 has been implicated as a causative agent for rotavirus disease. Diarrhea occurs when NSP4 is administered to young mice, and although not itself a secretagogue, NSP4 augments forskolin-stimulated chloride secretion in the intestine (2) . NSP4 also increases intracellular calcium when expressed within insect cells (45) or when applied extracellularly to intestinal HT-29 cells (9) . However, the importance of calcium-activated chloride secretion in rotavirus diarrhea has not been established. A plausible hypothesis to test in future studies concerns the effects of NSP4 on paracellular permeability, since intracellular calcium has been shown to play a key role in the maintenance of tight junction integrity (51) . Alternatively, intracellular calcium may be elevated because of ATP depletion during RRV infection and may be responsible for permeability changes. Thus rotavirus effects on calcium homeostasis may cause diarrhea by more than one mechanism either simultaneously or during sequential stages of the illness.
